ABSTRACT: An animal model analysis was used to estimate simultaneously additive ( 0 : ) and dominance ( 0 : ) variances for egg production traits within three White Leghorn lines. The data consisted of information for three generations on egg number ( E N ) produced at 18 to 25 ( E N l ) , 26 to 65 (EN2), and 18 to 65 wk of age (EN3); egg weight (EW) measured at 30 to 35 (EW1) and 40 to 45 wk (EW2); and egg specific gravity (ESG) measured at 30 to 35 (ESG1) and 40 to 45 wk (ESG2). A transformation was used for EN2 and EN3 because of a skewed distribution. In total, 813 sires, 2,575 dams, and 28,649 daughters were involved in the analyses. Three genetic models (sire-dam, additive, and dominance) were compared in estimating heritability ( h2). The sire-dam model underestimated h2 because it ignored animal relationships. The h2 estimates from the additive model were approximately 9 t o 52% higher for EN and 2 to 18% higher for EW and ESG than those from the dominance model. The differences between the h2 estimates from the additive and dominance models were increased for larger dominance variance CJ;. Ratios of 0 : to total variance were high for EN (10 to 20%) and low for EW and ESG (1 to 13%). Ratios of 0 : to total genetic variance for EN1, EN2, EN3, EW1, EW2, ESG1, and ESG2 were 18 to 36,29 to 43,29 to 56, 1 to 26, 3 t o 8, 20 to 27, and 2 to 14%, respectively. The results on dominance were in good agreement with heterosis and inbreeding depression for these egg production traits described previously.
Introduction
There are several reasons for estimating dominance variation: an unbiased estimation of heritability in the narrow sense, more precise prediction of additive effects, and usage of dominance effects through a crossbreeding or special mating strategy. Dominance influences all genetic parameters related to crossbreeding (Wei et al., 1991a,b) .
Recently, mixed models including additive and nonadditive genetic effects have been developed (Hen-J. h i m . Sci. 1993 Sci. . 71:57-65 derson, 1988 Meyer, 1989; Hoeschele and VanRaden, 1991) . The method of choice for estimating variance components is REML using a mixed linear model including matrices for additive genetic and dominance animal relationships. The advantage of this methodology is that data from several generations can be used so that dominance is no longer confounded with maternal or common environmental effects to full sibs.
Dominance variation estimation using the described methodology has not been reported in poultry, although egg production is influenced by dominance (Fairfull and Gowe, 1990) . VanRaden (19891, Hoeschele (199 11, and Tempelman and Burnside (1 99 1) have, however, reported such estimation of dominance variance for dairy cattle traits.
The objective of this study was to estimate additive and dominance variances for egg production traits of three lines of laying hens using an animal model analysis. Estimates from a full model were compared to those from an additive animal model and a commonly used sire-dam model. Materials a n d Methods
Data
The data consisted of records on egg number ( EN), egg weight ( EW) , and egg specific gravity ( ESG) for three generations of three White Leghorn lines. Data were obtained by Euribrid between 1987 and . Lines 2 and 3 had been selected mainly for EN and EW for many generations, but Line 1 had only a short history of selection. Line 3 is used as a dam line and Lines 1 and 2 as sire lines in a crossbreeding system. All hens were moved to a laying house at approximately 16 wk of age (ranged from 15 to 17 wk), where they were raised in individual cages under a wellcontrolled environment. In each line, each sire was mated t o approximately five dams and each dam produced approximately 20 to 25 progeny (Le., approximately 12 daughters). Within line and generation, the hens were distributed over groups (one to four groups per line and generation) to facilitate management and prevent inbreeding. In total, > 2,500 full-sib families and 28,000 records were used in the analyses (Table 1) . Every record contained information on l ) early egg production defined as egg number laid between 18 and 25 wk of age ( EN1); 2 ) main period egg production between 26 and 65 wk ( EN2); Because laying hens were hatched in different weeks and the recording of their EN ended at the same time, the following formula was used to correct EN into a standard 65-wk egg number ( EN651 : EN65 = EN, + (65 -m)EN,/n, where EN, is the actual EN produced until the mth wk of age, ENn is the EN produced in the last period of recording (last n weeks), n is the number of weeks for the last period of recording (approximately 10 wk), and m is the age (in weeks) of a laying hen at the end of EN recording.
The EN traits, EN2 and EN3, showed a negatively skewed distribution. A transformation of these data was therefore carried out following the empirical method suggested by Ibe and Hill (1988) The variables, z ( t ) , were used to calculate the log likelihood, Lmm( t ) , for trial values of t, which is as follows:
where n is the total number of observations and S,( t 1 is the residual sum of squares from analysis of the standardized dependent variable [l] using the linear model [3] described later as a sire-dam model. This procedure treated sire and dam as fixed effects in model [3] . A more complete methodology for estimating transformation parameters simultaneously with other parameters in a mixed model was proposed by Gianola et al. (1990) .
The optimal t value is empirically chosen in such a way that the log-likelihood Lmm( t ) was maximum and loge[S,(t)/nl minimum. The values of t used for EN2 and EN3 in Lines 1, 2, and 3 were 4.7 and 2.7, 6.1 and 4.0, and 8.8 and 5.4, respectively.
Both the transformed and untransformed data were used in estimating variance components on EN2 and EN3 under all models. where yijklrnn is the ijklmnth observation on EN, EW, and ESG; p is the common mean; Gi is the fixed effect of the ith generation (i = 1, 2, or 3); GROUPij is the fixed effect of the ijth group within generation; m i j k is the fixed effect of the ijkth hatch week within group and generation; sijl is the random effect of the ijlth sire within group and generation following NIID(0, usire) (NIID stands for normal, independent, and identically distributed); dijlm is the random effect of the ijlmth dam within sire, group, and generation, NIID(0, adarn); and rijMrnn is the residual effect, NIID(0, Estimates of variance components were obtained using the REML method in the VARCOMP procedure of SAS ( 1989) where y i j~ is the ijklth observation for EN, EW, or ESG; p is the common mean; GROUPi is the fixed effect of the ith group; HWij is the fured effect of the ijth hatch week; aik is the random additive effect of the ikth animal; and eijM is the error effect. The model above is expressed in matrix notation as follows:
Models
where y is the vector of observations, b is the vector of fixed effects, a is the vector of random additive animal effects, and X and Z are the incidence matrices relating the observations to the respective fixed and random effects. Z is partitioned into a null matrix for base animals without records and an identity matrix for animals with records. The means and variances for the model are assumed to be as follows: The model is expressed in matrix notation as follows: The method of estimating variance components under both the additive and the dominance models was based on the derivative-free REML algorithm for animal models (Graser et al., 1987) . The simplex method was used to maximize the likelihood functions. The DFREML program of Meyer (1989) was used for all animal model analyses. The rapid method for calculating the inverse of D, developed by Hoeschele and VanRaden (19911, was used in the analysis. This method partitions dominance effects into sire-dam subclass effects and constructs the inverse of the relationships matrix among both dominance and subclass effects. We obtained the relationships defined in D-l by absorbing the subclass coefficients into the dominance effects, a principle proposed by Henderson (1976) . Asymptotic standard errors of h2 and d2 (ratio of dominance variance to total phenotypic variance) estimates were approximated using a Taylor's series.
Results and Discussion

Heritability Estimation Under Three Models
Heritability estimates ( h2) calculated from three different models are presented in Tables 2, 3 (Tables 2, 3 , and 4 ) were similar to those found in the literature (Fairfull and Gowe, 1990) . The h2 estimates observed in Line 1 are the largest, and h2 estimates in Line 2 are bigger than those in Line 3. One explanation may be that Line 1 has had only a short history of selection.
Data transformation always resulted in higher estimates of h2 for EN traits under all three models (i.e., 13 to 18% higher for EN2 and 5 to 8% higher for EN3) (Tables 2 and 5 ). Similar results were found by Ibe and Hill (1988) and Besbes et al. (1991a) . In fact, data transformation decreased the error (a:) or residual (0:) variance estimates in relation to additive variance (a,) or sire and dam variances (asire and adam), respectively, under the animal model or the sire-dam model. Results for untransformed data are shown only for Line 1 (Table 51 , but the differences between the estimates based on transformed and untransformed data were similar for Lines 2 and 3.
Because relationships were assumed to account for selection over generations, a generation effect was omitted from the animal models 151 and 171. However, the effects of generation were explained by group effects in the animal model and did not significantly influence the variance estimation. Within each line, the estimates of h2 from the additive animal model were higher than those ( hf+d) from the sire-dam model (i.e., 3 to 28% higher for EN, 6 to 20% higher for EW, and 3 to 8% higher for ESG). The additive model had a lower 0," and a higher 0 :
than the sire-dam model. A sire-dam model is expected to underestimate h2 because it ignores animal relationships (van der Werf and de Boer, 1990) . The additive animal model, therefore, yielded higher h2 estimates than those found in the literature (Fairfull and Gowe, 1990) . The only previous report on estimation of h2 for egg production traits using an additive animal model and REML was published by Besbes et al. (1991b) . Their h2 estimates for EW ( .4 7 ) and ESG ( . 3 4 ) are similar to the results of this study. However, their h2 estimates for EN between 19 and 26, 26 and 38, and 26 and 54 wk of age were .25, .09, and .18, respectively. These estimates are rather low compared with our corresponding estimates for EN1, EN2, and EN3.
Consistently lower h2 estimates were obtained under the dominance model than under the additive model (Tables 2, 3, and 4) (i.e., 9 to 30, 20 to 38, 13 to 53, 7 to 17, 2 to 8, 11 to 18, and 3 to 11% lower for EN1, EN2, EN3, EW1, EW2, ESG1, and ESG2, respectively). This was caused by the extraction of 0 : from a, and 0, components, which consequently decreased 0," and 0 : estimates and kept total variance almost unchanged in the dominance model. Larger dominance variance ( a d ) estimates were accompanied by a bigger difference between h2 estimates from additive and dominance models. Resemblance between relatives is partly due to dominance effects. Under an additive model, part of the resemblance between related animals due to dominance is contained in the estimated additive effect, hence overestimating additive variance ( ai). In this study, an intermediate to high negative approximate sampling correlation between h2 and d2 (ratio of 0 : to total phenotypic variance) estimates was found for all traits ( -3 5 to -.86). This indicates that estimation of dominance and additive effects was largely based on the same comparisons of sibship leading to correlated estimates.
With regard to the effect of dominance on estimation of additive variation under an additive model, van der Werf and de Boer (1989a,b) reported that h2 was slightly overestimated by an additive model for milk production traits because of a heterotic effect between breeds. In this study, it was found that within lines dominance variation was a much more important cause of a biased estimation of h2. Consequently, estimation of additive effects is biased (de Boer and van Arendonk 19921, and selection accuracy is reduced under an additive model in the case of dominance (Uimari and Maki-Tanila, 1991) .
A sire-dam model overestimates h2 because it ignores dominance and underestimates h2 because it ignores animal relationships. Coincidentally, the two biases that affect the estimation of h2 under a siredam model cancel each other out to some extent, especially for EN2 and EN3.
Estimation of Dominance Variance
The estimates of 0: and d2 for egg production traits are presented in Tables 2, 3 , and 4 for Lines 1, 2, and 3, respectively. The d2 estimates were high for EN ( 10 to 20%) and low for EW and ESG (1 to 13%). Estimates for 0 : and d2 for all traits were similar for the three lines. The trait EN1 is a combination of two traits, early egg laying rate and the age at first egg, and it is dominated by the second one (Fairfull and Gowe, 1990 ). Thus, EN1 should be considered mostly the age at first egg.
These findings on 0 : for egg production traits were consistent with parameters attributed in the litera- "up, u:, and u: are estimates of additive, dominance, and error variance. h2 is the heritability. d2 is the dominance variance as a proportion of total variance. hi and hi+d are the h2 estimated by sire and sire-plus-dam components. u&, and c r : are the sire, dam, and residual variances. bNEN2 and NEN3 refer to the untransformed EN2 and EN3.
ture to these traits, such as heterosis and inbreeding depression. It is well known that dominance is an important cause of both heterosis and inbreeding depression. In different populations, EN has shown a consistently high heterosis (10 to 20%), EW consistently low heterosis ( 0 to 5%), ESG no or small heterosis ( 0 to 5%), and age at first egg low heterosis ( 0 to -9%) (Fairfull and Gowe, 1986; Fairfull, 1990) . Inbreeding depression has been found to be high for EN and relatively low for EW, ESG, and age at first egg (Foster and Kilpatrick, 1987; Abplanalp, 1990; Flock et al., 1991) . Flock et al. (1991) recently reported that the inbreeding depression associated with 10% inbreeding was 3% for EN and only 1% for EW and shell quality. (Tables 2, 3 , and 4). The percentage of total genetic variance ( d 2 ) accounted for by u: was 29 to 56% for EN2 and E&, 18 to 36% for EN1, and 1 to 27% for EW and ESG (Table 6 ). The findings on d i can be compared with the theoretic results for a single-locus, two-allele model where d: is given by the formula (Falconer, 1989) as follows:
where p refers to the frequency of a favorable allele, q is the frequency of a recessive allele, the value of half the difference between homozygotes is assumed to be 1, and w is the value of the heterozygote defined as d by Falconer (1989) . If one is willing to ignore the interaction of genes of different loci, the formula [91 can be used for a multilocus situation. In the case in which w = .5, the value of d: reaches its maximum at 14.3% for p = .75. Even if w = .8, d2 will never be larger than 44%. In this study, d i for EN reached 29 to 56%, indicating that dominance effects were large and overdominance should not be excluded. For EW and ESG, the dominance effects were significant but relatively low. decreased by approximately 9 to 50% for EN and by 2 to 24% for EW and ESG. In the dairy cattle study, the a: estimates under the additive and dominance models were almost the same (1 to 10% difference) . Surprisingly, the a," estimate under the dominance model decreased by 60 to 80% (except in one case by 14%). The estimates of d2 (14 to 55%) in the study of Tempelman and Burnside (1 99 11, however, seem to be rather high compared to literature values for heterosis (Turton, 1981; McAllister, 1986; van der Werf and de Boer, 198913) .
Dominance Variance and the Difference Between Sire and Dam Components
The difference between sire and dam components, ( adam -asire), has been used to estimate dominance variance under the assumption that maternal, common environmental, and epistatic effects are negligible and not important. The question arises how this estimate, ( adam -asire), compares t o the a d estimated under a dominance model. The full-sib covariances contain not only Vi additive and 54 dominance variances, but also epistatic ( aepi), maternal ( a m ) , and common environmental ( ace) variances or covariances (Falconer, 1989) . Theoretically, aZm, and therefore ai, can be overestimated due to each of these effects if they exist.
In this study, common environment effects for full sibs can be ignored because full sibs were randomly distributed across cages. Maternal effects can also be ignored because they are not important for EN (Fairfull and Gowe, 1986) . When such effects would be important, a mixed model using data on more than one generation could possibly correct for such effects by including them in the model.
Epistatic interactions have been found to be a significant effect on EN in line-crossing experiments 2 2 2 2 2 2 2 2 (Sheridan and Randall, 1977; Fairfull and Gowe, 1986) . Therefore, the value of ( a d a m -asire) could result from dominance, and possibly epistatic, effects.
Also, the value of a i could be due to epistatic effects.
The results presented contradict the method that estimates dominance variance on the basis of ( a2 -asire). The asire was found to be larger than the adam for most of the EW and ESG traits, and also for EN1 in Line 2 and for EN2 in Lines 1 and 2 (Tables 2, 3 , and 4). This phenomenon has also been described in the literature, especially for EW (van Tijen, 1977; Poggenpoel and Duckitt, 1988; Mou, 1991) . For most traits at the same time that a significant u i was found under the dominance model, asire was larger than or similar to adam (Tables 2 and 3 ). Larger estimates for adarn than for asire may be caused by an additional variation among sires (e.g., due t o sex-linked effects, which leads to increased u:ire estimates). However, this point needs further study. Implications A commonly used sire-dam model led to two biases in estimating heritability due to ignoring the dominance effect and animal relationships other than parents-progeny. An additive model including all animal relationships overestimated heritability because it ignored dominance effects. Significant dominance variation was found for all egg production traits, especially egg number. An animal model accounting for additive and dominance effects and REML should be used in analyzing laying hen data to obtain unbiased estimates of heritability and dominance variance. To improve performance of commercial laying hens, crossbred information should be considered so that dominance can be exploited in the selection program.
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